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of clusters and ligands
2.1 Introduction
The small size and large surface-to-volume ratio of nanoparticles (compared to bulk
material) give rise to distinct properties (cf. §1.1.1). Assemblies of nanoparticles
oﬀer the possibility to utilise their collective behaviour (cf. §1.2). In this thesis the
self-assembly of two-component aggregates of gold nanoclusters is studied. This
aggregation is accomplished by inter-particle molecular recognition. The building
blocks that are needed to prepare and investigate such systems will be described in
this chapter. The desired overall structure is shown schematically in figure 2.1: Gold
particles are fitted with ligands, that can bind together by multiple hydrogen bonding.
The two kinds of ligands are designed to be complementary.
First the preparation and characterisation of the gold clusters will be described,
followed by the ligands. Some emphasis is put on the characterisation of their
hydrogen-bonding properties. Finally, the ligand-exchange reactions leading to the
desired functionalised clusters will be discussed.
2.2 Gold particles
A system consisting of gold clusters is used as a model. The principles of their
hydrogen-bonding interaction should be applicable to other types of particles as
well. The choice of gold was based on (1) the synthetic availability of gold particles of
various sizes by relatively easy procedures [1–5] and (2) the possibility to functionalise
gold surfaces with thiols of very diverse nature[6–8].
In general, gold nanoparticles are prepared by reduction of Au(I) or Au(III) salts
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Figure 2.1: Schematic representation of gold clusters bound together by complementary,
hydrogen-bonding ligands
[1–4] in the presence of some protecting ligand, that contributes to the stability of
the dispersed particle. In this work Au55 clusters are used. These have a definite
stoichiometry, and therefore in principle are monodisperse. This is quite diﬀerent
from the somewhat larger Brust-type Au-nanoparticles [3, 6] and colloidal gold. Both
of these have an inherent size-distribution of finite width, even though it may be
narrow. It is generally assumed that it is impossible to grow colloidal assemblies with
long range crystallographic ordering, if they exhibit a polydispersity of more than
about 6% [9, 10]. The well defined core diameter of Au55 clusters should in principle
provide the most favourable starting point for obtaining ordered aggregates.
Using a very small cluster has another advantage. For colloids, the Van der
Waals forces are more important than for molecules: when a colloidal particle is
suﬃciently large, this attraction only falls of as 1/D2 rather than 1/D6 [11], where D
is the interparticle distance (cf. §1.3). For larger particles the specificity that should
be induced by selective hydrogen bonding would therefore be overshadowed by
the Van der Waals interactions. Moreover, a smaller cluster like Au55 has a higher
surface-to-volume ratio. Since the number of ligands is proportional to the surface
area, ligand–ligand interactions will play a large role in the total Au55 inter-cluster
interaction.
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Figure 2.2: Drawing of the generally assumed structure of Au55
2.2.1 The structure of Au55
Au55 clusters are synthetically available as Au55[PPh3]12Cl6. The synthesis of this
compound was first described by Schmid and co-workers [4, 12].1 The properties
of this cluster have been extensively studied [13–15]. Both the stoichiometry and
geometry of Au55[PPh3]12Cl6 have been subject of debate [16, 17]. In part this is a
result of the sensitivity of the cluster to coalescence (vide infra). Nevertheless, the
proposed structure (described in more detail below) has become widely accepted,
due to an increasing amount of evidence [13, 15, 18].
The cluster consists of a central Au-atom, surrounded by two shells of atoms in
a face-centered cubic arrangement, giving it the cuboctahedral shape, depicted in
figure 2.2. 2 In the outer shell, twelve atoms are situated at the vertices, twenty four
at the edges and six at the centres of the (100) facets. The cluster has six (100) and
eight (111) facets. Due to this well defined geometry, the compound is monodisperse.
Geometrically full shell clusters are much more stable than clusters with incomplete
outer shells [20].
Au55[PPh3]12Cl6 is quite sensitive to coalescence [12, 21]. This melting together of
cluster cores results in the formation of larger clusters, colloidal gold particles or even
the deposition of bulk gold films, during the handling of this material or its solutions.
There are two main reasons for this sensitivity: (1) In any colloidal material reduction
of the surface-to-volume ratio is favourable, since it reduces the surface free energy
[22]. In the case of gold this is facilitated by a relatively high surface mobility [23]. (2)
In solution, part of the phosphine ligands detaches from the gold surface [4, 24].
This sensitivity has caused diﬃculties in determining the structure and stoichio-
metry of Au55[PPh3]12Cl6.3 Therefore, a relatively large amount of attention is paid
to the characterisation of the Au55[PPh3]12Cl6 clusters and its derivatives that we
1In this thesis the term cluster refers to a compound that contains multiple metal atoms with at least
two direct metal–metal bonds and a well defined stoichiometry (cf. §1.1 on p1).
2For bare Au clusters of similar size, calculations have shown that an icosahedral geometry might be
preferred, though the icosahedral and fcc geometries diﬀer little in energy. On the other hand, surface
passivation with ligands stabilises the fcc geometry in coated Au55 clusters [19].
3It was even noted that batches of Au55[PPh3]12Cl6 prepared by diﬀerent groups were of diﬀerent
quality, concerning their monodispersity and the amount of coalesced material present. [16, 25]
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synthesised.
Au55 clusters are more stable when the phospine ligands are exchanged for thiols
[26, 27]. This is confirmed by our observations. Nevertheless, there still is an ongoing
debate on the nature of the clusters resulting from these phosphine–thiol exchange
reactions (cf. §2.4).
2.2.2 Synthesis
The Au55 clusters used in this investigation were prepared according to the method
described by Schmid [4]. This procedure has two steps. First, HAu(III)Cl4·3H2O is
reduced to Au(I)ClPPh3, by addition of triphenylphosphine [28]:
HAuCl4 + 2P(C6H5)3 +H2O
EtOH−−−−→ AuClP(C6H5)3 + 3HCl +OP(C6H5)3
The next step requires the stronger reducing agent diborane, B2H6. A reaction equati-
on correctly describing the stoichiometry has never been eleucidated for this reaction.
However, according to Schmid [4] the diborane acts both as a reducing agent and
as a Lewis acid which traps most of the triphenylphosphine in an adduct, thus allo-
wing collisions between gold atoms, which are necessary to form the clusters. We
used an experimental procedure with a few deviations from [4] in the work-up pro-
cedure. This intends to reduce the occurrence of coalescence and increase the yield:
During work-up, the solutions were handled at −18◦C rather than at room tempera-
ture. The reported filtration over a Celite column was omitted. It did not aﬀect the
material’s quality noticeably, whereas keeping the cluster longer in solution lead to
the formation of colloidal gold. In the following sections, the analysis of the Au55
clusters by transmission electron microscopy, diﬀerential scanning calorimetry and
X-ray photoemission spectroscopy will be presented.
2.2.3 Transmission Electron Microscopy of Au55[PPh3]12Cl6
Transmission electron microscopy (TEM) was used to investigate the clusters’ size
distribution and to check for the presence of colloidal gold in a Au55 sample. TEM-
specimens were prepared from a CH2Cl2-solution by the method described in the
experimental section. The micrograph in figure 2.3 clearly shows the presence of small
metallic clusters. No traces of colloidal gold were observed. The size distribution
histogram in figure 2.3b. was obtained by digital image analysis. The obtained size
of 1.4–1.5 nm corresponds to the size of the Au55 core as it was calculated (1.44 nm,
[12]) and observed by TEM [29]. (The organic ligands are not visible by TEM.)
Despite the monodispersity of the clusters, the histogram shows a certain width.
This has two likely reasons: (1) some sample deterioration during the preparation
and analysis and (2) the limited accuracy of the automated analysis method. The
treatment of the clusters during sample preparation (especially the concentration of
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Figure 2.3: (a) TEM micrograph of Au55[PPh3]12Cl6 and (b) the corresponding histogram.
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the clusters during evaporation of the solvent) and the electron bombardment in the
microscope are known to cause some coalescence [21, 29]. This gives rise to larger par-
ticles. This kind of sample deterioration could be observed in the electron microscope
during prolonged exposure of a part of a TEM-specimen with a high concentration
of clusters. Digital analysis of micrographs of the clusters is complicated by their
small size. The latter results in a relatively weak contrast in comparison with the
contrast variation in the supporting carbon film. The automated size determination
algorithm distinguishes the clusters from the background by an intensity threshold.
The noise produced by the variation in the background therefore yields a spread in
the calculated mean diameter.
In conclusion, the TEM analysis is in agreement with expectation for
Au55[PPh3]12Cl6. Colloidal particles were not observed in the material as prepared.
2.2.4 Thermogravimetric Analysis and Diﬀerential Scanning Calo-
rimetry of Au55[PPh3]12Cl6
Thermogravimetric Analysis (TGA) and Diﬀerential Scanning Calorimetry (DSC) we-
re performed simultaneously with a sample of Au55[PPh3]12Cl6. The weight loss by
thermal decomposition can be determined by TGA. A total mass loss of 25.1% was
measured. This is in good agreement with the ratio of the ligand shell to the total clus-
ter mass M(ligands)/M(Au55[PPh3]12Cl6)=ˆ23.7%. This corresponds to the complete
decomposition of the cluster: All ligand material and its decomposition products
have evaporated, leaving only bulk gold.
Diﬀerential Scanning Calorimetry provides information on the purity of the syn-
thesised material. The calorigram obtained for Au55[PPh3]12Cl6 shows a sharp exo-
thermal peak at 152◦C and a weak endothermal peak near 220◦C (see fig.2.4). The
exothermal peak is associated with the decomposition of the cluster. The endothermal
peaks at higher temperatures are associated with the melting of possible decomposi-
tion products (e.g. AuClPPh3 or AuCl(PPh3)2) [30, 31]. The sharp transition at 152◦C
is in good agreement with the result of Benfield et al. who observed the maximum at
156◦C [30]. Its sharpness provides evidence for the monodispersity of the material.
We note that Schmid and Hess observed a decomposition temperature of 131◦C
in a later study [31], without being able to give an explanation for the diﬀerence. For
analogous compounds (Au55[P(p-tol)3]12Cl6 and Au55[P(p-anisyl)3]12Cl6 they did find
a decomposition temperature of 153◦C [31]. Therefore we conclude that the thermal
behaviour of our material is in agreement with that reported in literature for the single
phase compound Au55[PPh3]12Cl6.
2.2.5 X-ray Photoelectron Spectroscopy of Au55[PPh3]12Cl6
X-ray Photoelectron Spectroscopy (XPS) was used to investigate the elemental com-
position of the Au55[PPh3]12Cl6 clusters. A description of this technique can be found



































Figure 2.4: Thermogravimetric and Diﬀerential Scanning Calorimetry analysis of
Au55[PPh3]12Cl6
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Figure 2.5: Selected XPS spectra for Au55[PPh3]12Cl6. The data points are dotted, background
and fits are shown as curves.
in Appendix 2.A. XPS is a surface sensitive technique, but the clusters are suﬃciently
small in diameter to draw conclusions about the composition of the entire clusters. In
this section, characteristic XPSpectra for the elements present in Au55[PPh3]12Cl6 will
be presented and their chemical shifts will be discussed. Then, the stoichiometry of
the clusters will be examined by comparison of the peak intensities. The results will
serve as a reference when the functionalised clusters are examined.
XPS measurements were carried out with a small amount of Au55[PPh3]12Cl6
powder deposited on conductive carbon tape. The emission spectra from the Au 4 f ,
S 2p and Cl 2p core levels are displayed in figure 2.5. The C 1s spectrum was also
recorded, but it is dominated by emission from the carbon tape. The parameters
describing the peaks are summarised in table 2.1.
The binding energy (BE) of the Au 4 f7/2 level was referenced at 84.6 eV. This value
corresponds to the weighted average of the peaks that were resolved for this cluster by
Thiel and coworkers [13, 32]. This BE is higher than that of bulk gold (83.8-84.0 eV).
This is explained by the lower coordination number of the surface atoms. It is in
agreement with the shift predicted by density functional calculations (0.69eV) [33].
The resolution of our equipment is too low (1.67 eV) to resolve the contributions from
the phosphine-bound, chlorine-bound, the unbound surface and the bulk-like core
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Elem. BE(eV) FWHM(eV) Splitting(eV) mol-% Stoich.
Au 4 f 84.6 1.7 3.7 72.2 55a
S 2p – – – –
N 1s – – – –
P 2p 131.7 1.6 0.84b 14.9 11.4 ± 0.7
Cl 2p 197.9 1.7 1.62b 12.9 9.9 ± 0.7
a The Au-4 f intensity was fixed to 55 as a reference.
b Fixed spin-orbit splitting from [35]
Table 2.1: XPS results for Au55[PPh3]12Cl6: the binding energies (BEs) of the characteristic
peaks, their full widths at half maximum (FWHM), the spin-orbit splitting energies.
The amounts of each element are derived from the peak areas and are presented as
mol-percentages and as stoichiometric coeﬃcients.
atoms. Therefore, a single Gaussian/Lorentzian superposition (i.e. one doublet) was
used to model the Au 4 f emission. The level splitting of 3.7 eV (between 4 f7/2 and
4 f5/2) is in perfect agreement with literature [13, 32].
The BEs of the Cl 2p (197.9 eV) and P 2p levels (131.7 eV) correspond well with the
values that were reported by Van der Putten and coworkers (197.9 eV and ∼131.4 eV
respectively) [34]. The spin-orbit splitting of these peaks could not be resolved.
Therefore, literature values for these splittings [35] were used in the modelling (see
table 2.1). Background spectra of the S 2p andN 1s spectral regionswere also collected,
for comparison with the functionalised clusters.
Stoichiometric analysis was performed by comparison of the peak areas of the
Au 4 f , Cl 2p and P 2p levels. The areas were corrected for the peak-specific sensitivi-
ty factors (see Appendix 2.A and §2.6.8), but not for possible diﬀerences in attenuation.
The cluster geometry is too complicated to reliably model the attenuation. In table
2.1 the results of the analysis are presented both as mol-percentages and as the stoi-
chiometry, taking gold as reference at 55. This sets the coeﬃcient of phosphine at
11.4 ± 0.7, corresponding well with the expected value of 12. The amount of chlorine
that is calculated is too high: 9.9 ± 0.7. A possible reason for that might be the influ-
ence of the nearby P 2s peak at 188-190 eV. This peak gives rise to a background of
inelastically scattered electrons, which has a maximum near the Cl-peak, complica-
ting correct determination of the peak area. This eﬀect of the P 2s peak will be shown
more clearly in §2.4.5.
2.2.6 Conclusion
Au55[PPh3]12Cl6 clusters were prepared according to the method of Schmid [4]. They
were analysed by TEM, TGA, DSC and XPS. The results of all these methods are
consistent with the results presented in literature. Therefore it is concluded that the
preparation yielded the same quality of clusters as obtained by Schmid [4].
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Figure 2.6: Schematic and structural representation of MOT and DTOT.
2.3 Hydrogen-bonding ligands
In this section, the molecules that will be attached to the gold particles are discussed.
First the choice for a particular ligand system will be considered. The synthesis will
be briefly described. At the end of the section the intermolecular hydrogen bonding
of the molecules will be investigated. Quantification of these interactions is possible
to some extent. When the ligands are bound to clusters this would be much harder
to accomplish.
2.3.1 Ligand design
The ligands that were used can be divided into three segments, with diﬀerent functi-
ons: (1) a group to bind to the gold cluster, (2) a spacer and (3) a hydrogen-bonding
moiety. These segments can be recognised in the molecules that were used throughout
this thesis: 1-(8-mercaptooctyl)-thymine (MOT) and 8-(4,6-diamino[1,3,5]triazin-2-
yl)-octane-1-thiol (DTOT) (see figure 2.6). The choices for the specific functionalities
in these ligands were determined by the following considerations.
Thiols are very suitable for the first function: they are well-known for their aﬃnity
for metallic gold [8, 36] and are widely used to functionalise gold nanoparticles
[6] (see also §2.4). A suitable length of the alkylene spacer is limited to a certain
interval. A monolayer of alkyl thiols on gold nanoparticles is radial in nature [37].
Close to the gold surface the chains are densely packed and solid-like, while further
away they are much more open-spaced and mobile [38]. This radial nature has
several consequences. For instance, it aﬀects the aggregation behaviour of alkylthiol-
protected gold nanoparticles since the application of longer alkyl chains results in
increased interdigitation [39]. As another example, intra-layer hydrogen bonding
(between functionalised ligands on the same particle) is decreased by the addition
of (too) bulky substituents [40, 41]. Finally, the application of very short spacers in
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a radial geometry will give rise to steric crowding, possibly resulting in incomplete
coverage of a particles’ surface. (This may also be compared with the discussion on the
cone angle of phosphines as ligands for Au55 by Schmid [18].) These considerations
determine a minimum length of the spacer. Moreover, clusters with longer chains
have a higher thermal stability and provide a certain degree of flexibility, which is
necessary to allow optimisation of the orientation of the H-bonding moiety.
If on the other hand the spacer is too long, this will result in wax-like behaviour.
This is shown for instance for Au55 coated with 1-dodecane thiol [42]. If the ligand
is much larger than the diameter of the particle, interactions like interdigitation may
become important and reduce the selectivity of the H-bonding interaction. Besides,
if the ligands make up the majority of the cluster, they become a questionable model
system for larger/other ligand coated nanoparticles. A C8 spacer is of intermediate
length compared to the two limits sketched above.
The general features required for the moiety that participates in molecular recog-
nition have already been mentioned in Chapter 1. We have selected a set of molecules
bearing a thymine and 2,4-diamino[1,3,5]triazine group respectively (see figure 2.6).
These molecules preferentially form hetero-dimers with a moderate binding strength
(Kassoc ∼ 102–103M−1). Stronger hydrogen bonding is expected to result in uncon-
trollable irreversible particle aggregation processes. Both ligands are also capable of
homo-dimerisation, but this interaction is more than two orders of magnitude weaker
than hetero-aggregation (cf. §2.3.4).
2.3.2 Synthesis of MOT
The synthesis of 1-(8-mercaptooctyl)-thymine (MOT) is depicted in figure 2.7. 1-(8-
bromo-octyl)-thymine was synthesised following Nowick et al. [43]. The 3-N was
sterically protected by attaching trimethylsilyl-groups to the oxygens. This allows
specific alkylation of the thymine at the 1-N-position. An excess of 1,8-dibromooctane
was used to favour the formation of the desired product over 1-8-octane-bisthymine.
The thiol was then produced following a standard procedure, after Nagai et al. [44],
using thiourea and subsequent (basic) hydrolysis. After purification, the crystalline
product was obtained with a yield of 45% (w.r.t. thymine).
2.3.3 Synthesis of DTOT
The synthesis of 8-(4,6-diamino[1,3,5]triazin-2-yl)-octane-1-thiol (DTOT) was carried
out according to the scheme of figure 2.8. 9-Bromononanenitrile was made according
to Voss and Gerlach [45], following a standard procedure. The sulphur is introduced
(after Coward et al. [46]) as a thioether with a protecting benzyl-group, to prevent
decomposition during the following cyclocondensation with cyanoguanidine (after
Beijer et al. [47]). The thiol is descreened by reducing the thioether with sodium
42 CHAPTER 2. CLUSTERS AND LIGANDS
Figure 2.7: Synthesis of MOT.
Figure 2.8: Synthesis of DTOT
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in liquid ammonia. After purification, the crystalline product was obtained with an
overall yield of 5% (w.r.t. 1-8-dibromooctane).
2.3.4 Association constants determined by NMR
In the following two sections the association behaviour of MOT and DTOT will be
investigated, first in solution and then in the solid state. The association constant K
of a hydrogen bonding complexation equilibrium is a good indication of its binding







K is related to the change in free energy of the system upon binding by ∆G◦ =
−nRT ln(K).
Hydrogen bonding can be monitored with 1H-NMR spectroscopy, because hydro-
gen bonding causes a change in the chemical shift of the involved protons. This is
generally referred to as the complexation induced shift (CIS). If the exchange at equi-
librium is fast –as is usually the case– the observed chemical shift is the weighted
average of all possible complexation states (including the monomer) [48].
The self-association behaviour of MOT and 6-(8-benzyl-sulfanyl-octyl)-
[1,3,5]triazine-2,4-diamine (BzSODAT, cf. figure 2.8) in CDCl3 was studied. Here,
6-(8-benzyl-sulfanyl-octyl)-[1,3,5]triazine-2,4-diamine was used rather than DTOT
because of the limited solubility of the latter in CDCl3. Both MOT and BzSODAT
show a concentration dependent shift for their amine-protons, indicative of homo-
association. Association constants were calculated using a model that only includes
dimerisation, assuming that the formation of complexes of a higher order than dimers
is negligible [48]. The shifts and the fits are shown in figure 2.9, the corresponding data
can be found in table 2.2. These data agree well with the literature values obtained for
1-N-propylthymine (4.3M−1) and 2,4-diamino-6-dodecyl-[1,3,5]triazine (2.2M−1)[49].
It shows that the self-association is relatively weak.
The main interest in the study of the hetero-complexation is the stoichiometry of
the predominant complex. Analysis of the shifts at diﬀerent ratios with a constant
’total’ concentration can yield information on this stoichiometry by Job’s method of con-
tinuous variation of concentrations [48, p23–28]. The resulting Job-plot is shown in figure
2.10. The maximum in the plot at ±0.5 is indicative of the formation of the expected
Compound Kdim,M−1 CIS (ppm)
1-(8-mercaptooctyl)-thymine 4.7 3.4
6-(8-benzyl-sulfanyl-octyl)-[1,3,5]triazine-2,4-diamine 2.3 5.1
Table 2.2: Homo-dimerisation constants and complexation induced shifts (CISs). All values
have an estimated error of ±15%.
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a) b)
Figure 2.9: NMR-titration curves of a) MOT and b) BzSODAT. The measured values are repre-
sented by dots, the curves represent fits based on a dimerisation model.
Figure 2.10: Job-plot of MOT and BzSODAT, at a ’total concentration’ of
[MOT]0+[BzSODAT]0=M0+D0= 8 mM.
1:1 complexes. The agreement of the H-bonding behaviour of the separate ligands
with literature, makes it likely that the association constant of the hetero-complex also
corresponds to the value of±890M−1 reported for the dimerisation of the homologous
complex of 6-dodecyl-[1,3,5]triazine-2,4-diamine and N-1-propylthymine in literature
[47].
2.3.5 Crystal structures of MOT and DTOT
When DTOT and MOT interact in solution, it was shown that dimers are the pre-
valent configuration. When the molecules become more densely packed and less
dynamic (for example when functionalised clusters aggregate) a geometry where
threefold hydrogen bonding leads to dimerisation will still be the most likely situati-
on. In the case of homo-association of either DTOT or MOT, the preferred structure
is less evident, because in the homo-dimers there is still unused hydrogen-bonding
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Figure 2.11: Detail from the crystal structure of MOT, showing the [100] plane. The alkyl chains
have been shortened for clarity.
D–H· · ·A D–H(Å) H· · ·A(Å) D· · ·A(Å) D–H· · ·A(◦C)
N(3)–H· · ·O=C(4′) 0.81(4) 2.01(4) 2.820(3) 175(4)
N(3′)–H· · ·O=C(4) 0.81(3) 2.06(3) 2.867(3) 172(3)
C(6)–H· · ·O=C(2′′) 0.87(3) 2.30(3) 3.164(4) 174(3)
C(6′′′)–H· · ·O=C(2) 0.88(3) 2.36(3) 3.202(4) 160(3)
C(7′′′)–H· · ·O=C(2′) 0.95(4) 2.46(3) 2.821(4) 102(2)
Table 2.3: Intramolecular hydrogen bonds in MOT single crystals.
capability that may lead to further inter-dimer interaction. Both dimerisation or the
formation of more extended chains or planes may occur. Knowledge about the type
of homo-association-complex that is formed with ’immobilised’ MOT or DTOT may
later on help in estimating the importance of cooperative eﬀects in aggregation of
functionalised clusters.
Ligands on a cluster are partially solid-like and partially liquid-like [37, 38]. The
geometry of the hydrogen-bonding moieties of the ligands may therefore resemble
that of the molecules in single crystals. The structures of single crystals of MOT and
DTOT were resolved with X-ray diﬀraction. The nature of their hydrogen bonding
will be described here.
Crystals of MOT are monoclinic with space group P21/c. As shown in figure 2.11,
the molecules form a double layer structure (along the [100]-plane), consisting of
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Figure 2.12: Detail from the crystal structure of DTOT, showing the [100] plane. The alkyl
chains have been shortened for clarity.
two adjacent planes of the thymine rings. Within such planes dimers are formed by
H-bonds between N(3)H and O=C(4′). A weak H-bond may exist between O=C(2)
and HC(6′′). The alkyl ‘tails’ fill the space between the thymine planes by interdigita-
tion. The interactions between the C8 chains are relatively weak, and therefore their
structure shows disorder (cf. 2.6.5).
Single crystals of DTOT are monoclinic with space group I2/a. Figure 2.12 shows
that the cyclic head-groups form extended sheets by H-bonding along the [100] plane.
The sheet formation is possible because of the higher number of H-bond donors
compared to MOT. A DTOT molecule binds to three neighbouring molecules. It
binds to each by both a donor and an acceptor (Figure 2.12). The last free amine
proton weakly binds to an adjacent thiol group. The alkyl chains stick out from the
H-bonded plane in four diﬀerent (oﬀ-normal) directions. The alkyl chains of adjacent
layers are interdigitated. 4
In conclusion, DTOT has the capability of forming extended networks. This
possibility is absent in MOT. Attempts to grow cocrystals of the MOT–DTOT complex
were not successful. This is in agreement with the observations of Beijer [47, 49].
Based on the crystal structures of MOT and DTOT, one can think of two possible
reasons. First, the stabilisation by MOT–DTOT dimerisation has to compete with the
more extended (and therefore energetically favourable) H-bonding of DTOT only. The
4Single crystals of BzSODAT (the benzylated precursor of DTOT) have a structure with similar planes,
showing the generality of the sheet formation.
2.4. SYNTHESISANDCHARACTERISATIONOFFUNCTIONALISEDAU55 CLUSTERS47
D–H· · ·A D–H(Å) H· · ·A(Å) D· · ·A(Å) D–H· · ·A(◦C)
C(2)N–H· · ·N(3)′ 0.81(3) 2.19(3) 2.983(3) 166(3)
C(2)N–H· · ·N(1)′′ 0.78(3) 2.31(3) 3.047(3) 160(3)
C(4)N–H· · ·N(5)′′′ 0.83(2) 2.13(2) 2.962(3) 177.4(19)
Table 2.4: Intramolecular hydrogen bonds in DTOT single crystals.
dimerised MOT–DTOT molecules are less likely to form structures with extended H-
bonding structures. Secondly, interdigitation of the alkyl chains will require an even
more complicated packing than in the single crystals. Beijer has shown that cocrystals
of 6-dodecyl-[1,3,5]triazine-2,4-diamine and 6-tridecyluracil (with a structure closely
related to thymine) indeed show the expected triply H-bonded dimers [47, 49].
2.4 Synthesis and characterisation of functionalised
Au55 clusters
In this section the preparation of functionalised clusters will be described. Some
properties of thiols bound to gold particles will be outlined first. The ligand exchange
reactions will be described and finally the clusters will be characterised.
2.4.1 Thiol-stabilised gold nanoparticles
Thiols are well known for their aﬃnity for metallic gold. Both 2D surfaces and parti-
cles coated with thiols have been subject of extensive investigations [6, 8, 50, 51]. On
flat surfaces—particularly on Au(111)—the thiols may bind to form dense, well orde-
red structures, so-called self-assembled monolayers (SAMs) [8, 36, 50]. A nanoparticle
on the other hand has a large degree of surface curvature and for small particles edges
and vertices dominate the structure (see §2.2.1). It was already mentioned that alkyl
thiols surrounding a nanoparticle will be densely packed close to the metallic surface,
yet more open-spaced and mobile on the other end [37, 38, 52] (cf. §2.3.1).
The nature of the Au–S bond has been subject of some debate, although it is
commonly reported that the thiol binds as a thiolate, losing its hydrogen atom in
the form of H2 or H2O [50]. This may for instance be concluded from the fact that
particles coated with thiols or disulfides are shown to behave spectroscopically very
similar [52]. On Au(111) it was shown that the S–S bond in disulfides disappears
upon binding to gold, at least in vacuum [36]. Although a formal charge of -1e is
assigned to the thiolate, the Au–S bond has a strongly covalent character [53, 54]. A
charge transfer of 0.2e to the sulfur was calculated form S2p binding energies obtained
by XPS [55]. The Au–S bond has a (homolytic) dissociation enthalpy of ca. 213 kJ/mol
[36].
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The functionalised gold clusters that are studied in this thesis, are meant to be
used in two-component systems. Therefore it is important to exclude the occurrence
of ligand exchange reactions between clusters (at least on the time scale of aggregation
processes), since that would yield rapid loss of identity of the two cluster types.
Murray and coworkers have shown that on monolayer protected nanoparticles with
average composition Au314SR91, exchange-reactions are predominantly associative in
nature [52, 56, 57]: no dissociated thiols were detected in nanoparticle solutions, not
even upon moderate heating. Kinetic studies show this reaction to be first order
in both particles and ligands (at least in the first part of a reaction). Furthermore,
long-chain thiols will replace shorter thiols on a particles’ surface, but not vice versa.
The exchange is dependent on the ability of an incoming thiol-chain to penetrate the
protecting monolayer. For both steric and electronic reasons, edge- and vertex-sites
are considered to be more reactive than in-plane sites [56].
Despite the associative nature of the exchange reaction, thiols can migrate between
diﬀerent binding sites on the surface of a cluster [52]. This allows for the optimisation
of the ligand shell with respect to steric factors or inter-molecular interactions within
the ligand shell [40, 58].
2.4.2 Ligand exchange on Au55[PPh3]12Cl6
In principle, nanoparticles can be functionalised with thiols along three diﬀerent
pathways. (1) The particles may be grown by reduction of a Au-salt in the presence
of the thiol(s) (e.g. by the Brust-method [3]). (2) Thiols may be replaced by other
thiols in exchange reactions [52, 56, 59, 60]. (3) Ligands binding less strongly to gold
than thiols may be replaced. This is possible with phosphine-coated Au55 clusters
[26, 27, 42].
The stoichiometry that is expected for the thiol-coated Au55 clusters thus formed
depends on steric factors. With alkylthiols, a stoichiometry of Au55[SR]26 is expected:
twelve apical thiols, one thiol on each of the eight 111-faces and one on each of the
six 100-faces. Indeed, Brown claims to have obtained Au55L26, where L=SC12H25 [42].
Schmid finds Au55L12 with very bulky substituents, that apparently occupy only the
apical positions [26, 27].
Naturally, one of the aims of ligand exchange reactions on Au55, is retention of its
core size. Recently, it has been questioned whether this is actually possible [61, 62].
Therefore, special emphasis will be put on this issue in the discussion in §2.5.
In this section the products of functionalisation of Au55[PPh3]12Cl6with MOT and
DTOT are described. The resulting products were named Au55–M and Au55–D,
respectively. We have adopted an approach similar to that of Schmid et al. [26, 27]. It
will be shown in §2.4.5 and §2.5 that Au55–M and Au55–D contain 20 and 15 ligands,
respectively. This means that the reactions were incomplete. The main limitations to
driving the reactions to completion were a combination of the limited solubilities of
MOT and (in particular) DTOT in the reaction medium, and the necessity to limit the
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reaction time in order to prevent coalescence.
Au55 clusters coated with n-heptane thiol (Au55–HeptSH) were prepared subse-
quently for the following reasons: (1) to drive the exchange reaction to completion
using a large excess of thiol, as this thiol does not suﬀer from solubility limitations,
(2) to compare thiolate-covered clusters with and without hydrogen-bonding functi-
onalities and (3) to compare our results with literature results on the functionalisation
of Au55 with alkyl thiols [42, 61, 62]. Eventually, these clusters might also be used
to study thiol–thiol exchange reactions, to obtain Au55 partially functionalised with
MOT or DTOT with a controlled stoichiometry.
2.4.3 Experimental approach
Full details of the reaction conditions can be found in the experimental section, but a
brief description is given here. An excess of thiol was dissolved in CH2Cl2 and added
to a solution of Au55[PPh3]12Cl6 clusters in a mixture of CH2Cl2 and benzene. Cor-
responding to the procedures described by Schmid, highly diluted reaction mixtures
were used to prevent coalescence. The Au55[PPh3]12Cl6 concentration in the reaction
mixtures was ca. 0.25 mg/ml (17 · 10−6 M). MOT and DTOT were used in an excess
of about 40%. n-Heptane thiol was applied in a 160-fold excess. The reactions were
carried out at ambient temperatures under a nitrogen atmosphere.
The first indication that the exchange reactions have taken place is the solubility
of the clusters. This changes markedly during reaction. During or after work up,
Au55–HeptSH is soluble in apolar solvents like diethyl ether, but not in acetonitrile,
whereas Au55[PPh3]12Cl6 readily dissolves in the latter.5 Au55–D starts to flocculate
during the reaction, because the increasing number of DTOT ligands makes these
clusters progressively less soluble. In contrast to Au55[PPh3]12Cl6, Au55–D is not
soluble in CH2Cl2 or diethyl ether. Au55–M is still soluble in the reaction mixture
under dilute conditions, but like Au55–D it does not dissolve in diethyl ether or
CH2Cl2. On the other hand, both Au55–M and Au55–D display good solubility in
DMSO (dimethylsulfoxide), which is a strong hydrogen bond acceptor.
2.4.4 Transmission electron microscopy
TEM specimens of Au55–M, Au55–D and Au55–HeptSH were prepared in a similar
way as described above for Au55[PPh3]12Cl6, but using diﬀerent solvents: DMSO for
Au55–M and Au55–D, diethyl ether for Au55–HeptSH. Representative micrographs of
the compounds and corresponding histograms are shown in figures 2.13–2.15. In all
cases, the shown image is a detail of the total micrograph used for size determination.
The micrograph of Au55–HeptSH (figure 2.13) shows clusters corresponding in
size to Au55, but also some coalesced material: some colloidal gold particles with
5This is in agreement with [42].
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Figure 2.13: TEM Micrograph and size distribution histogram of Au55–HeptSH.
Figure 2.14: TEM Micrograph and size distribution histogram of Au55–M.
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Figure 2.15: TEM Micrograph and size distribution histogram of Au55–D.
a diameter larger than 3 nm are present. The histogram in figure 2.13 is somewhat
broader than that of Au55[PPh3]12Cl6 or the other functionalised clusters (vide infra),
although most of the clusters still have a diameter corresponding to a Au55 core. The
sample was very sensitive to electron irradiation. Coalescence could be seen to occur
in the electron beam within a few seconds. This is much faster than what was obser-
ved for pristine Au55[PPh3]12Cl6 clusters. The presented micrograph therefore was
recorded using the microscope’s Low Dose procedure, intended to minimise exposure
of the photographed material to irradiation. Due to the sensitivity of Au55–HeptSH,
it is not clear whether the colloidal particles in figure 2.13 were formed only by irra-
diation in the microscope, or also already during the ligand exchange and workup
procedures.
Au55–M and Au55–D were not beam-sensitive under the conditions used to obtain
the micrographs in figure 2.14 and 2.15 respectively. In both cases, coalesced clusters
are hardly observed. The histograms of the particle size distribution in 2.14 and 2.15
show that the size of the clusters is consistent with the expected size of Au55 clusters
of 1.44 nm. The remarks made about the width of the distribution of Au55[PPh3]12Cl6
in §2.2.3 apply here as well.
2.4.5 XPS analysis of functionalised Au55 clusters
X-ray Photoelectron Spectroscopy was performed in the same way as for
Au55[PPh3]12Cl6 (see §2.2.5). The success of the exchange reactions was confirmed by
the presence of S 2p emission in the spectra of Au55–HeptSH, Au55–M and Au55–D,
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Figure 2.16: XPS Spectra of Au55–HeptSH. Measured data are represented by dots. Back-
grounds and peak shapes obtained by modelling are shown as lines.
and emission of N 2p levels in the latter two cases. In Au55–M, some P was detec-
ted, and in Au55–D both P and Cl were detected, indicating that reactions had been
incomplete. All information obtained from the XPS-analysis is summarised in table
2.5.
Photoemission spectra of Au55–HeptSH (Au 4 f and S 2p) are shown in figure 2.16.
The Au 4 f spectrum is very similar to that of Au55[PPh3]12Cl6. Its BE is referenced
to 84.6 eV (for 4 f7/2). A peak width of 1.8 eV was obtained.6 The S 2p3/2 peak has
a BE of 163.1 eV. This BE is ∼ 1 eV higher than that found for S 2p3/2 of thiolates
bound to planar gold substrates (cf. §5.2.3). This is probably caused by a diﬀerence
in screening of the formed excited state between bulk and cluster. Perhaps some
charging of the clusters also plays a role. No emission of chlorine or phosphine could
be detected. This indicates that the ligand exchange was complete. Stoichiometric
analysis was performed by comparing the integrated intensities of the S and Au
emission, corrected for their sensitivity factors (see Appendix 2.A). No attenuation
correction was performed. Referencing the gold stoichiometric ratio to 55, results in
24 ± 3 thiols. This is in good agreement with the expected Au55[SR]26 (cf. §2.4.2).
Photoemission spectra of Au55–M and Au55–D are presented in figures 2.17 and
2.18. The Au 4 f and S 2p spectra are essentially similar in appearance to those of
Au55–HeptSH. The N 1s spectrum of Au55–M was modelled with a single peak
function: The two nitrogen atoms in the thymine ring of MOT are suﬃciently similar.
The obtained BE of 400.9 eV is relatively high for N 1s [35]. This can be explained
by the electron-withdrawing nature of the two carbonyl groups in the thymine ring.
The N 1s spectrum of Au55–D has to be modelled with two peaks, representing the
diﬀerent nature of nitrogen in the triazine ring versus the amine substituents in DTOT.
The lower BE (399.1 eV) is ascribed to the more electron-rich triazine ring. The amine
group has a slightly increased BE of 400.1 eV, due to the electron-withdrawing triazine
6The width of 1.8 eV is slightly larger than the analyser resolution (1.50 eV). This is attributed to
(electronic) inhomogeneity of the sample as it consists of a powdery material deposited on carbon tape.
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Figure 2.17: XPS Spectra of Au55–M. Measured data are represented by dots. Backgrounds
and peak shapes obtained by modelling are shown as lines. In the Cl 2p spectrum,
a smoothed spectrum was included, rather than a fit.
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Figure 2.18: XPS Spectra of Au55–D. Measured data are represented by dots. Backgrounds and
peak shapes obtained by modelling are shown as lines. In the wide Cl 2p spectrum,
a smoothed spectrum was included, rather than a fit.
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ring.
The P 2p spectra of Au55–M and Au55–D have a relatively poor signal-to-noise
ratio. For that reason, the peak-width was fixed to the width obtained for the gold
and sulfur peaks (1.8 eV), and a Gaussian line shape was applied. The BEs of 131.6
and 131.8 eV conform to the value obtained for the triphenylphosphine ligands in
Au55[PPh3]12Cl6.
The Cl 2p spectra are somewhat more complicated to interpret. The main reason is
a background of inelastically scattered electrons from the P 2s level (BE=188-190 eV).
This eﬀect is best seen by the smoothed trend line in the Cl 2p spectrum of Au55–M.
In this case, no chlorine can be detected on top of the P 1s background. Two Cl 2p
spectra of Au55–D are presented in figure 2.18. The wide spectrum was recorded the
same way as that of Au55–M, and includes a smoothed spectrum. A peak can be
discerned on top of the P 1s background, which is attributed to the Cl 2p level. Fitting
a Gaussian line shape with a width determined from the Au and S emission, resulted
in a BE of 198.0 eV, in agreement with the gold-bound chlorine of Au55[PPh3]12Cl6.
Quantification of the spectra leads to the stoichiometric ratios presented in table
2.5. If gold is fixed at 55, Au55–M is best described as Au55[MOT]20[PPh3]4, and
Au55–D as Au55[DTOT]15[PPh3]8Cl4. The N/S ratio implies an apparent excess of
nitrogen in both compounds. This is probably caused by the omission of attenuation
correction: the nitrogens are located in the head groups of the ligands. Therefore, the
N 1s emission is attenuated less than that of Au, S, Por Cl.
2.4.6 Thermogravimetric Analysis and Diﬀerential Scanning Calo-
rimetry
The mass loss obtained by thermogravimetric analysis of the functionalised Au55
clusters is compared with expected values based on the stoichiometry determined by
XPS in table 2.6. Graphs of the weight loss as a function of temperature are shown in
figure 2.19. The weight loss of Au55–HeptSH (24.3%) is in good agreement with the
expected loss when 26 ligands are present (24.0%).7 The weight loss of Au55–M and
Au55–D both are 6% too low.
7The “jump” at 214.6◦C was identified as a balance anomaly, the corresponding weight loss was sub-
tracted from the total weight loss.
Compound Stoich Mw Expect (%) Found (%)
Au55–M Au55[PPh3]4[MOT]20 17269.95 37 31
Au55–D Au55[PPh3]8Cl4[DTOT]15 16888.88 36 30
Au55–HeptSH Au55[SHept]26 14245.81 24 27
Table 2.6: TGA data of functionalised Au55 clusters. Measured and predicted mass losses are
given in percent of the original weight.
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Figure 2.19: Thermogravimetric analysis of Au55–HeptSH, Au55–M and Au55–D.
Diﬀerential scanning calorimetry curves of Au55–HeptSH, Au55–M and Au55–D
are shown in figure 2.20. All compounds have a relatively narrow exothermal peak,
that is ascribed to the decomposition of the clusters. The decomposition temperatures
vary with the cluster composition. For Au55–HeptSH, this peak is at 154.8◦C, in good
agreement with the result obtained for Au55[PPh3]12Cl6 (152◦C). Au55–M falls apart
at 149.5◦C. For Au55–D there is a peak at 136.7◦C. The decrease in temperature
may be explained by the fact that the mixed (and probably disordered) ligand shells
of these clusters are not as eﬀective in stabilising the core, as a shell composed of
either (ordered) phosphines and chlorines or thiols alone. The peak is broader for
Au55–D than for the other compounds and is accompanied by smaller satellites. This
is an indication that the material is a mixture. Since the exchange reaction is more
incomplete here than for Au55–M, larger diﬀerences in the ratio of phosphine and
thiol ligands are possible between the individual clusters. The ‘heat of reaction’ that
accompanies the destruction of the cluster varies from 325 kJ/mol for Au55–HeptSH to
794 kJ/mol for Au55–M. This heat incorporates restructuring of the gold, and changes
in gold–ligand and ligand–ligand interactions. Therefore the heat of reaction may
vary with ligand composition.
Both the DSC curves of Au55–M and Au55–D exhibit an endothermal peak around
65◦C, with anonset at 44◦C. This is ascribed to a ‘melting’ phase transitionof the ligand
shell [63]. Instead, the curve of Au55–HeptSH shows an exothermal peak at 70◦C. An
alkyl thiol with a C7-chain is expected to melt at lower temperatures [63]. Apparently
a diﬀerent structural change takes place here. Perhaps, the cluster geometry is less
rigid than that of the other clusters due to its light ligands. It may be recalled that this
cluster also is much more electron beam-sensitive in TEM experiments.
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Compound T‘ligands’ Tdestruction heat
(Tonset) (Tonset) J/g kJ/mol
Au55–HeptSH 70 ( 44 ) ◦C 154.8 ( 145.3 ) ◦C 23 325
Au55–M 64 ( 44 ) ◦C 149.5 ( 144.4 ) ◦C 46 794
Au55–D 66 ( 46 ) ◦C 136.7 ( 129.4 ) ◦C 33 554
Table 2.7: Summarised DSC data of functionalised Au55 clusters.
Figure 2.20: Diﬀerential scanning calorimetry curves of functionalised Au55 clusters. For cla-
rity, the curves have been shifted vertically. The arrows denote weak peaks (see
text).
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In conclusion, the sharp exothermal peak corresponding to the destruction of
Au55[PPh3]12Cl6 is found again for the functionalised Au55 clusters Au55–M, Au55–D
and Au55–HeptSH.
2.5 Discussion and conclusion
In the previous section, the results of the analysis were interpreted assuming that
the clusters maintained their Au55 stoichiometry throughout all the experiments.
There is an ongoing debate in literature, about the existence and stability of Au55
clusters. Two areas of concern may be distinguished that are relevant for the present
disucussion. First, the existence of Au55[PPh3]12Cl6 as a stoichiometric compound,
and its availability as a monodisperse species by the established synthetic procedure
[4, 12] has been questioned [16, 17, 25]. Secondly, in several instances clear changes of
the cluster size and structure during thiol-for-phosphine ligand exchange reactions
have been shown [42, 61, 62].
There are two reasons why these points need to be taken in consideration here: (1)
Although the functionalised clusters merely are a model system, whose exact size is
not crucial for the study of intercluster interactions, a low polydispersity is essential
to achieve the best possible conditions for ordering of the clusters. (2) The degree of
functionalisation is important, and is based on the assumption that a cluster contains
55 gold atoms. The concerns expressed in literature will be critically discussed, to
conclude that the material described in this work predominantly consists of Au55
clusters.
Au55[PPh3]12Cl6 is a labile cluster: in organic solvents, the triphenylphosphines
are partially dissociated from the cluster, and the cluster will decompose due to
coalescence[12, 14, 24], with a rate dependent on its concentration. Therefore it is
diﬃcult to ascribe the detection of particles of diﬀerent size (by any technique) to
either the synthetic conditions or the sample treatment thereafter. If coalescence
during later treatment is the main source of larger clusters, the best way to minimise
the occurrence of coalescence is to work at relatively low cluster concentrations of
about 0.2 mg/ml [26, 27].
In publications that cast doubt on the integrity of Au55[PPh3]12Cl6 clusters, such
preventive measures are often omitted. Fackler and coworkers were using satura-
ted solutions of Au55[PPh3]12Cl6 in CH2Cl2 [25], and Rapoport and coworkers use
Au55[PPh3]12Cl6 clusters in CH2Cl2 at unspecified concentrations [17]. The usage of
CH2Cl2 poses an additional problem, since it has been shown that gold nanoparticles
are sensitive to radical induced deterioration in chlorinated solvents [64].
In thiol-for-phosphine ligand-exchange reactions, the cluster size may change
in two possible ways: (1) by cluster decomposition and coalescence as observed
for dissolved Au55[PPh3]12Cl6, or (2) by a ligand exchange mechanism involving
dissolved gold(I)-complexes. Murray and coworkers have proposed the formation
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Ref. Au55[PPh3]12Cl6 RSH RSH : Au55
[26] 0.2 mg/ml (C5H4)7-silsequioxane-C3H6SH 12
[42] 2.1 mg/ml C18H37SH 54
[62] 1.8 mg/ml C6H13SH 61
[61] 4.0 mg/ml C18H37SH 90
[65] 7.5 mg/ml (H3C)2NC2H4SH ·HCl 30
Table 2.8: Conditions applied in thiol-for-phosphine ligand exchange reactions on
Au55[PPh3]12Cl6. Clusters are dissolved in pure CH2Cl2, or in C6H6/CH2Cl2(1:1)
[26, 27]
of Au75 by functionalisation of Au55[PPh3]12Cl6 with 1-hexanethiol [62]. Hutchison
and coworkers have tried to elucidate the steps that are involved in the exchange
mechanism [61]. In both cases, the possibility of ‘simple’ cluster decomposition was
mentioned, but not taken into account in the interpretation of the data. In these and
other publications that show the formation of larger clusters (usually in polydisperse
mixtures)[42, 61, 62, 65], the cluster concentrations were much higher than those
in references [26, 27] and in this thesis (see table 2.8). Hutchison has claimed that
initially [AuClPPh3] rather than PPh3 is liberated upon addition of thiols [61]. This
was concluded from the impossibility to detect free phosphines in the early stages
of the reaction, while [AuClPPh3] could be detected. [AuClPPh3] can bind PPh3 to
form [AuCl(PPh3)2]. The gold(I) complexes might even be able to abstract PPh3 from
the clusters [61]. However, the formation of [AuClPPh3] was also observed in the
absence of thiols –by simple cluster decomposition– [12, 31] so it is more likely to be
an eﬀect of cluster decomposition in these experiments.
An additional problem is that clusters coated with alkyl thiols (especially the ligh-
ter ones (< C8)) are sensitive to coalescence as well. This was clearly shown by the
electron-beam sensitivity of Au55–HeptSH. The conclusions of Murray and coworkers
–based on 1-hexanethiol-coated clusters [62]– may therefore also be problematic, cer-
tainly considering that they were unable to obtain reproducible TEM results. Au55–M
and Au55–D clusters are much less sensitive, presumably due to the higher thermal
stability of the larger functionalised ligands. Hydrogen bonding within the ligand
shell will also enhance the rigidity of this shell [40, 41, 66, 67].
The deduction of the cluster stoichiometry from XPS data in §2.4.5 was based on
the assumption that the clusters contained 55 gold atoms. Table 2.9 shows a com-
parison between the expected number of ligands for several other cluster sizes and
the stoichiometry that would result from the experimental Au:S ratio. The alter-
native sizes all correspond to cuboctahedral or truncated octahedral clusters (with
fcc-packing). It shows that for HeptSH-functionalised clusters, the best agreement
with expectation is obtained for Au55. On larger clusters, the experimental coverage
would be higher than modelled. This is a strong indication that the majority of the
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Model stoichiometry XPS stoichiometry







Sxps/Au 1 0.44 0.37 0.26
Au38 38 32 24 16.8 14.0 10.0 0.63 0.75 0.84
Au55 55 42 26 24.3 20.3 14.5 0.47 0.62 0.76
Au75 75 60 48 33.1 27.7 19.8 0.64 0.80 0.80
Au147 147 92 90 64.9 54.3 38.9 0.33 0.52 0.63
Au309 309 162 90 136.4 114.2 81.7 0.29 0.56 0.52
Au561 561 252 140 247.7 207.3 148.3 0.25 0.56 0.45
Au923 923 362 210 407.5 341.0 244.0 0.23 0.58 0.39
Au1415 1415 492 288 624.8 522.7 374.1 0.20 0.59 0.35
Table 2.9: Comparison of stoichiometries deduced from model and XPS data for diﬀerent
assumed cluster sizes.
clusters are best described as Au55(SC7H15)26. The coverage that is found experimen-
tally (24) is slightly too low, but may be caused by a relatively small coalesced fraction.
The data available so far support the view that the main source of cluster size changes
is coalescence due to cluster collisions and not the ligand exchange process itself.
Au55–M and Au55–D were prepared at the same low concentration as
Au55–HeptSH, in order to minimise coalescence. Therefore, it is likely that their
core size will also have been retained during reaction. Thus, it is concluded that the
stoichiometry derived in §2.4.5 will be a correct description for most part of the as-
prepared sample material. It should be noted though that both Au55–D and Au55–M
are sensitive to coalescence as well. In concentrated DMSO solutions (>2mg/ml), the
lifetime of these clusters was limited to a few days. However, this is considerably




For the reactions that were carried out under nitrogen, as explicitly mentioned below, standard
Schlenk and glovebox techniques were used. All starting materials were purchased from
commercial suppliers and used as supplied, unless otherwise stated. Water and oxygen free
solvents were obtained by standard methods: Benzene was distilled from Na/K and degassed.
Dichloromethanewasdistilled fromCaH2 anddegassed. Hexanewaspercolatedover a column
of a Cu-based oxygen scavenger, aluminium oxide and molsieves (4Å). 1,2-Dimethoxyethane
was distilled from Na and degassed.
When working with Au55 clusters, the occurrence of coalescence has to be prevented as far
as possible. Therefore rigourously clean and clear glassware should be used in combination
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with relatively dilute solutions, whenever possible.
1H and 13C NMR spectra were recorded using a Varian X-300 or a Varian Gemini 200
spectrometer, 31P NMR spectra were recorded on the latter. IR spectra were recorded with




Gold(I)chloridetriphenylphospine was made according to a literature procedure [28]. The
reduction with diborane was carried out according to the procedure described by Schmid
[4], but in the modified experimental setup shown in fig. 2.21. For a successful reaction,
it is crucial that flask (5) is very clean and free of scratches. The setup was evacuated and
backfilled with N2 before charging it with the chemicals. Three-necked flask (1) was charged
with 20g of NaBH4 and 100 ml of 1,2-dimethoxyethane. Slow dropwise admission of 100 ml
trifluoroborane-etherate (i.e. 48% BF3) results in the formation of gaseous diborane, which was
purified by leading it past the coolers (3) and (4), both cooled to −78◦Cwith methanol/dry ice.
Three-necked flask (5), was equipped with a gas inlet-tube, a thermometer and refluxcon-
densor. It was filled with 2.9g [Au(I)Cl(PPh3)] dissolved in 150 ml of benzene. The temperature
was stabilized at 50◦C before the diborane was let in, under stirring. The BF3 etherate addition
to (1) was regulated so that all the diborane was produced over ∼45 minutes. During the re-
action, the transparent mixture gradually turned dark brown to black. The excess of diborane
was trapped in reaction flask (8) that was charged with 100 ml triethylamine.
After the reaction, the apparatus was flushed with nitrogen and (5) was cooled with an
ice bath. The solvent was removed by filtration and the black precipitate was dissolved in
∼100 ml CH2Cl2 and transferred into a Schlenk-vessel via a glass filter. The Schlenk-vessel was
subsequently cooled to −18◦C in an ice-salt bath, and 250 ml of pentane was added dropwise to




1-(8-Bromo-octyl)-thymine was made according to a literature procedure [43]. However, an
additional purification step was included by column chromatography over silicagel with chlo-
roform containing 2% methanol and subsequent recrystallization of the product from chloro-
form with pentane. Yield: 80%. Spectroscopical analysis was in agreement with [43]; M.P.
105◦C (lit.: 96◦C)
2.6.3.2 1-(8-mercapto-octyl)-thymine
In a 100 ml three-necked flask 2.6g 1-(8-bromo-octyl)-thymine (8.2 mmol) and 0.8g thiourea
(10.5 mmol) were dissolved in 50 ml ethanol (96%, degassed) and refluxed for 16 hours under
a N2 atmosphere to prevent the formation of disulfides. After removal of the solvent by
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Figure 2.21: Experimental setup for the synthesis of Au55[PPh3]12Cl6. The deviations from the
original setup mainly regard the inclusion of a safety-bypass.
evaporation, an aqueous solution (70 ml) of 700 mg NaOH was added and the mixture was
refluxed for 30 minutes. After cooling, the mixture was extracted with three portions of
chloroform. The combined organic fractions were dried over MgSO4and transferred into a
double Schlenk-vessel. Recrystallization overnight from EtOH/Water 3:1 at −20◦C yielded 1g
of product (3.7 mmol, 45%).
Analysis: El. anal. calcd. for C13H22N2O2S: C 57.75 H 8.20 N 10.36 S 11.86, found: C 57.9
H 8.22 N 10.31 S11.58; M.P. 99-100◦C; 1H-NMR (CDCl3) δ(ppm): 9.49 (br, 1H, NH), 6.93
(s, 1H,NCH=C), 3.63 (t, J=7.3 Hz, 2H, CH2CH2N), 2.46 (d?, J=5.8 Hz, 2H, SCH2CH2),1.86
(s, 3H, CH3), 1.68-1.48 (m, 4H, SCH2CH2 & CH2CH2N), 1.40-1.18 (m, 9H, CH2CH2CH2); 13C-
NMR (CDCl3) δ(ppm): 164.4 (C(C=O)N), 151.0 (N(C=O)N), 140.3 (NCH=C), 110.5 (CCH3), 48.4
(CH2CH2N), 33.8 (HSCH2CH2), 29.0 (CH2), 28.8 (CH2), 28.1 (CH2),26.2 (CH2), 24.5 (HSCH2CH2),
12.2 (CH3); IR (KBr) ν˜ (cm−1): 3156m, 3093m, 3059m, 3026m, 2924m, 2848m, 2827m, 1689s,
1651s, 1478m, 1460w, 1445w, 1421m, 1377m, 1359m, 1344w, 1252m, 1217m, 1129w, 1097w,
1049w, 1009w, 949m, 893m.
2.6.3.3 8-bromo-nonanenitrile
8-Bromo-nonanenitrile was synthesized according to a literature procedure [45], starting with
31g of 1,8-dibromooctane (114 mmol). However, the product was not isolated by fractional
distillation, but by column chromatography over 160 ml of dry silica gel, which was eluted with
petrol-ether 40–60 until all dibromooctane was removed. The eluens was gradually changed
to a petroleum ether/diethyl ether mixture (2:1). (Too fast change causes excessive column
heating.) The fractions containing 8-bromo-nonanenitrile were collected and concentrated by
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rotary evaporation, yielding the product as an oil. Yield: 8.46g (40 mmol, 35%). Spectroscopical
analysis was in agreement with [45].
2.6.3.4 9-(benzyl-sulfanyl)-nonanenitrile
In a three-necked flask with stirring bar and reflux condenser, 2.2 g of 95% sodium methoxide
(∼38mmol)wasdissolvedbyadding 50ml of drymethanol under anitrogen atmosphere. Then,
4.12 ml benzyl mercaptan (4.36g, 35 mmol) was carefully added via a septum. After addition
of 7.5g 9-bromo-nonanenitrile (34 mmol) the mixture was heated to reflux and stirred for 16
hours. After cooling to R.T. the mixture was diluted with 100 ml water and 150 ml chloroform.
The water fraction was extracted with another 150 ml of chloroform. The combined organic
fractions were then washed with 100 ml water, dried with MgSO4 and condensed by rotary
evaporation. NMR showed the reaction was incomplete. Therefore the mixture was added to a
solution of 1g sodium in 50 ml methanol and refluxed again for 48 hours.8 After cooling to R.T.
and addition of 200 ml water, the mixture was extracted two times with 150 ml chloroform. The
organic fractions were dried on MgSO4 and condensed by rotary evaporation. The product
was further purified by column chromatography over silicagel using petroleum ether 40-60
containing 10% THF. Yield: 6.8g (26 mmol, 76%) of a pale yellow oil.
Analysis: 1H-NMR (CDCl3) δ(ppm): 7.27–7.10 (m, 5H, C6H5), 3.65 (s, 2H, φ-CH2S), 2.35 (t,
J=7.3 Hz, 2H, SCH2CH2), 2.27 (t, J=7.1 Hz, 2H, CH2CN), 1.64–1.54 (m, 2H, SCH2CH2), 1.54–1.44
(m, 2H, CH2CH2CN), 1.44–1.16 (m, 8H, CH2); 13C-NMR (CDCl3) δ(ppm): 138.5 (CφCH2S),
128.7 (C6H5), 128.4 (C6H5), 126.8 (C6H5), 119.7 (CN), 36.2 (SCH2CH2), 31.2 (CH2), 29.0 (CH2),
28.8 (CH2), 28.6 (CH2), 28.5 (CH2), 28.4 (CH2), 25.2 (SCH2CH2),17.0 (CH2CN); IR (KBr) ν˜ (cm−1):
3091w, 3063w, 3025m, 2927vs, 2852s, 2243m, 1600w, 1493m, 1462m, 1452s, 1423m, 1238w, 1070w,
1027w, 915w, 769m, 701s, 564w; HRMS calcd. for C16H23NS: 261.15512, found: 261.15362.
2.6.3.5 6-(8-benzyl-sulfanyl-octyl)-[1,3,5]triazine-2,4-diamine
Potassium hydroxide (0.5g, 9 mmol) was dissolved in 40 ml dry isopropanol in a three-necked
flask under a nitrogen atmosphere. After addition of 6.0g 9-(benzyl-sulfanyl)-nonanenitrile
(23 mmol) and 2.4g cyanoguanidine (28 mmol) the mixture was heated to reflux for 60 hours.
After cooling to R.T., 200 ml ice-water was added. The resulting white suspension was extracted
with chloroform, yielding a turbid yellow organic fraction. After condensation by rotary
evaporation, the crude product was washed with 4 × 20 ml ether, filtered, dried in vacuo
and dissolved in 20 ml hot methanol. Slow cooling (overnight) to -20◦C yields the product as
white crystallites, which were filtered, washed with hexane, collected and dried. Yield: 4.5g
(13 mmol, 58%)
Analysis: El. anal. calcd. for C18H27N5S: C 62.57 H 7.88 N 20.27 S 9.28, found: C 62.41
H 8.12 N 20.20 S 9.24; 1H-NMR (CDCl3) δ(ppm): 7.28–7.12 (m, 5H, C6H5), 5.34 (br, 4H, NH2),
3.63 (s, 2H, φ-CH2S), 2.40 (t, J=7.8 Hz, 2H, SCH2CH2), 2.33 (t, J=7.3Hz, 2H, CH2CH2C=N), 1.68–
1.54 (m, 2H, CH2), 1.54–1.40 (m, 2H, CH2), 1.34–1.10 (m, 8H, CH2); 13C-NMR (CDCl3) δ(ppm):
179.8 (CH2C=N), 167.1 (CNH2), 138.6 (CφCH2S), 128.8 (C6H5), 128.4 (C6H5), 126.8 (C6H5), 38.89
(CH2C=N), 36.2 (SCH2CH2), 31.3 (CH2), 29.3 (CH2), 29.2 (CH2), 29.1 (CH2), 29.0 (CH2), 28.8
8Clearly, this reaction has not been optimized.
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(CH2), 27.7 (CH2); IR (KBr) ν˜ (cm−1): 3455s, 3414s, 3176s, 3119s, 3031m, 2921s, 2849s, 1665s,
1638vs, 1540vs, 1453s, 1405s, 1251m, 1067w, 1001w, 819m, 706m, 618m, 589m, 569m, 477m.
2.6.3.6 8-(2,4-diamino-[1,3,5]triazin-6-yl)-octane-1-thiol
A three-necked flask with a glass stirring bar was filled with 2.00g 6-(8-benzyl-sulfanyl-octyl)-
[1,3,5]triazine-2,4-diamine (5.9 mmol) and brought under nitrogen atmosphere. Liquid am-
monia (100 ml) was allowed to condense inside, after cooling the flask down to −70◦C in an
ethanol/N2(l) bath. The flask then was warmed to −50◦C– −40◦C. Small chunks of sodium
were introduced until the blue colour persisted. The remaining sodium was neutralised by
adding small amounts of ammonium bromide. After evaporation of the ammonia, the resul-
ting yellow-white solid was dissolved in (degassed) water and filtered. Then, the water was
carefully acidified with dilute HCl until pH≈ 3, yielding a white precipitate. After filtering oﬀ
the water, the precipitate was dissolved in ethanol and precipitated again by slow evaporation
of ether onto the solution, yielding a fine white powder after filtration. Yield: 0.45g (1.8 mmol,
30%)
Analysis: El. anal. calcd. for C11H21N5S: C 51.73 H 8.29 N 27.42 S 12.55, found: C 51.6,
H 8.26 N 26.94 S 12.54; 1H-NMR (CD3OD) δ(ppm): 2.49 (t, J=7.1 Hz, 2H, SCH2), 2.42 (t, J=7.7
Hz, 2H, CH2C=N), 1.80–1.63 (m, 2H, CH2), 1.63–1.52 (m, 2H, CH2), 1.52–1.20 (m, 8H, CH2);
13C-NMR (CD3OD) δ(ppm): 180.1 (CH2C=N), 168.2 (CNH2), 39.2 (CH2C=N), 35.2 (SCH2CH2),
30.3 (CH2), 30.0 (CH2), 29.3 (CH2), 28.8 (CH2), 25.0 (HSCH2); IR (KBr) ν˜ (cm−1): 3416m, 3317m,
3102s, 2919m, 2848m, 1668m, 1644s, 1550s, 1546s, 1454m, 1418m, 1406m, 1268w, 1251w, 1225w,
1119w, 1012w, 995w, 818w, 723w, 621w, 575w.
2.6.4 Association constants by NMR-titration
2.6.4.1 General considerations
All NMR-titration experiments were carried out with CDCl3 freshly dried by filtration over
activated (neutral) aluminium oxide powder. NMR-tubes were dried overnight at 150◦C before
use.The titration series were prepared according to the guidelines of Wilcox [68]. The obtained
chemical shiftswerefitted as a functionof the initialmonomer concentration, using afit function
derived from an appropriate binding model (cf. Appendix 2.B). Fits were performed with a
non-linear regression algorithm in Mathematica (Wolfram Research).
2.6.4.2 Homo-association
Stock solutions of 0.1M 6-(8-benzyl-sulfanyl-octyl)-[1,3,5]triazine-2,4-diamine or 1-(8-
mercaptooctyl)-thymine in CDCl3 were prepared. Test solutions were made by diluting an
amount of stock solution up to a total volume of 500 µl. Test solutions were prepared at
concentrations ranging from 2 to 100 mM. All measurements were performed at 25 ◦C.
2.6.4.3 Hetero-association
Stock solutions of MOT and BzSODAT (8mM) in CDCl3 were prepared by dissolution of
10.22 mg of 1-(8-mercaptooctyl)-thymine (37.5µmol) and 13.82 mg of 6-(8-benzyl-sulfanyl-
octyl)-[1,3,5]triazine-2,4-diamine(37.5µmol), respectively.
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Test solutions of 0.8 ml were prepared with a constant total concentration of ([BzSODAT]+
[MOT]) = 8 mM. The fraction of MOT (defined as fMOT = [MOT]/([MOT] + [DTOT])) was
varied from 0.2 to 0.8 in 11 equidistant steps.
The amine chemical shift of thymine was monitored and used to compile the Job-plot,
according to the formula FJob = fMOT(δobs−δhomo). The chemical shift in the absence of BzSODAT,
δhomo was calculated from its homo-dimerisation constant using the model and data of the
previous section.
2.6.5 Crystals for X-ray structure determination
Single crystals ofMOTwere obtainedby recrystallisation fromamixture ofwater andmethanol.
Single crystals of DTOT were obtained by dissolution in hot ethylacetate, slow cooling to room-
temperature, vapour-transfer of hexane and subsequent slow cooling to 0◦C.
2.6.5.1 X-ray diﬀraction of single crystals
XRD experiments were performed on a Bruker SMART APEX CCD diﬀractometer, using grap-
hite monochromated MoKα¯ radiation (λ = 0.71073Å). All refinement calculations and graphics
were performed with the program packages SHELXL, PLATON and a locally modified version
of PLUTO.
Crystal structure, data-collection and refinement information for single crystals of MOT
and DTOT are presented in table 2.10. The crystal structure of MOT has an asymmetric unit
consisting of two molecules, one of which has a highly disordered alkyl chain. This was taken
into account during refinement by adopting a disorder model with two conformations of the
alkyl chain, yielding a site occupation factor of 0.729(3) for the major fraction. The asymmetric
unit of a DTOT crystal consists of one molecule, with a slightly disordered sulfur atom.
2.6.6 Ligand-exchange reactions
2.6.6.1 Au55[S(CH2)6CH3]n
In a two-necked Schlenk-flask 35mg Au55[PPh3]12Cl6 (3.2 µmol) was dissolved in 20 ml of dry
CH2Cl2 and 70 ml of dry toluene. Heptane-1-thiol (80 µl, 510 µmol) was dissolved in 50 ml
of CH2Cl2 and added to the gently stirred Au55 solution with a PE-siphon. After stirring at
room temperature for 3 hours the solvent was removed in vacuo, until a solution of ∼2 ml
remained. To concentrate the material on the bottom of the flask, the remaining solvent was
allowed to evaporate in a nitrogen-stream. The dry material was suspended by sonication
in 75 ml of acetonitrile, centrifuged for 30 min. at 4000 rpm and decanted. After repeating
this suspension/precipitation cycle with the precipitate, the material was isolated, and dried in
vacuo. Yield: 44 mg of a dark brown/black waxy powder.
2.6.6.2 Au55–M
In a Schlenk-flask 31 mg of Au55[PPh3]12Cl6 (2.1 µmol) was suspended and (partially) dissolved
in 50 ml of (dry) benzene. 17 mg MOT (63 µmol) was dissolved in 75 ml CH2Cl2 and added to
the gently stirred Au55 solution with a PE-siphon. After stirring for 3 hours at room temperature
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MOT DTOT
formula C13H21N2O2S C11H21N5S
Mw (g/mol) 269.39 255.39
cryst. dim. (mm) 0.48 × 0.25 × 0.03 0.4 × 0.3 × 0.03
colour, habit colorless, platelet colourless, platelet
crystal system monoclinic monoclinic
space group, no. [69] P21/c, 14 I2/a, 15
a (Å) 15.782(1) 20.285(1)
b (Å) 11.8776(8) 7.1088(5)
c (Å) 17.232(1) 21.263(1)
β(◦) 116.652(1) 112.095(1)
Z 8 8
V (Å3) 2887.0(3) 2841.0(3)
ρcalc (g/cm3) 1.24 1.194
θ range (◦) 2.24–25.27 2.37–27.44
scan mode φ and ω-scans φ and ω-scans
T (K) 100(1) 100(2)
data collect. time (hr) 18.1 10.0
no. of meas. refl. 20246 11829
no. of unique refl. 5059 3250
µ(MoKα¯) 2.21 2.17
no. of parameters 460 252
no. of restraints 16
wR(F2)a 0.2245 0.1732
weighting scheme: a, bb 0.1107, 5.3354 0.0939. 5.0368
R(F)c 0.0764 0.0608
GooFd 1.033 1.04






b w = 1[σ2(F2o )+(aP)2+bP]







(||Fo |−|Fc ||)∑ |Fo | for F0 > 4.0σ(Fo)




Table 2.10: Crystal structure, data collection and refinement information of
XRD analysis of MOT and DTOT single crystals
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the solvent was removed in vacuo. The material was ultrasonically suspended in 60 ml diethyl
ether, centrifuged for 30 min. at 4000 rpm and decanted. This procedure was repeated twice
with 40 ml diethyl ether. Yield: 20 mg.
2.6.6.3 Au55–D
A fine powder was made of 12.7 mg DTOT (49µmol) and was suspended ultrasonically in 50 ml
CH2Cl2. To a Schlenk-flask containing 20 mg (1.4 µmol) Au55[PPh3]12Cl6 50 ml of benzene was
added. Then the DTOT-suspension was added via a septum to the dark-brown Au55 solution.
After stirring for 21 hours, a dark suspension in a colorless solution resulted. It was centrifuged
at 4000 rpm for 30 min. and decanted. Then, the material was further purified by suspending
ultrasonically in 50 ml acetonitrile, centrifuging and decanting three times and drying in vacuo.
Yield: 16 mg.
2.6.7 Transmission electron microscopy
Electron microscopic investigations were carried out with a Philips CEM 120 transmission
electron microscope, equipped with a LaB6 filament. The microscope was operated at 120 kV.
Images were acquired with a built-in Gatan 794 CCD-camera (1024 × 1024 pixels), controlled
by Gatan Digital Micrograph v3.5 software.
2.6.7.1 TEM Sample preparation
All samples were investigated using an amorphous carbon support-film of several nanometers
thickness on a 3 mm 400 µm mesh copper grid. Amorphous carbon films were prepared by
standard methods [70]. Unless otherwise stated, the sample material was deposited by making
a dilute solution in a suitable solvent, putting a droplet of about 0.05 ml on the film, rapidly
followed by blotting oﬀmost liquid with filtration paper.
2.6.7.2 TEM Particle size determination
Particle size distributions were calculated in several steps: A micrograph was converted to an
8-bit TIFF image with DigitalMicrograph and further analysed with Matrox Inspector 2.1. After
Gaussian smoothing to remove spikes in the background, a threshold value, obtained by visual
inspection, divides the image in blobs (the particles) and background. The mean diameter of a
blob is calculated from cross-sections in several directions. Blobs touching the image edge, or
consisting of multiple particles are rejected. All the histograms were constructed with data of
a few hundred clusters.
2.6.8 X-ray Photoelectron Spectroscopy
X-ray Photoelectron Spectra were recorded with a SSX-100 spectrometer (Surface Science In-
struments, West Sussex, UK) equipped with a hemispherical analyser and installed in a UHV
chamber with an operating pressure of 2 − 3 · 10−10 mbar. Spectra were obtained using mo-
nochromatic Al Kα radiation (hν = 1486.6 eV) with a spot size of 600 µm and a resolution of
1.50 eV (analyser step size 0.1 eV). The take-oﬀ angle was 35◦. Acquisition times were limited
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to a maximum of 30 minutes on one location on the samples, to minimise radiation damage.
Spectra were referenced to the binding energy of the Au 4 f7/2 level for Au55 clusters (84.6 eV).
Samples of the (functionalised) Au55 clusters were prepared by spreading a small amount
of their powder on a piece of weighing paper and picking it up with a piece of conductive
carbon tape (SPI Supplies) stuck on a stainless steel sampleholder.
The spectra were analysed by mathematical reconstruction using Winspec, a least-squares
fitting program developed at the Laboratoire Interdisciplinaire de Spectroscopie Electronique,
Faculte´s Universitaires N.D. Paix, Namur, Belgium. Prior to analysis, spectra obtained on dif-
ferent locations on a single sample were added to obtain a better signal-to-noise ratio, provided
the spectra were suﬃciently similar. The analysis involves the use of a Shirley background [71]
and a minimal number of Gaussian or mixed Gaussian/Lorentzian peak functions necessary
to reproduce the spectrum [72]. When necessary, a linear background was removed before
analysis.
The composition of the samples was determined by comparison of the integrated intensities
of peaks belonging to the atoms of interest. Prior to comparison, the intensities are corrected
for the sensitivity factors for each element, that were tabulated for the used spectrometer.
2.6.9 Thermogravimetric analysis and diﬀerential scanning calori-
metry
Combined DSC-TGA measurements of Au55[PPh3]12Cl6 were performed with a SDT 2960
of TA Instruments. The material was heated at 10◦C/min in an alumina pan in a nitrogen
atmosphere. TGA measurements of Au55–HeptSH, Au55–D and Au55–M were performed with
a TGA 7 (Perkin Elmer). 3–7 mg of material was heated in a platinum crucible at 10◦C/min
in a nitrogen atmosphere. DSC measurements of Au55–HeptSH, Au55–M and Au55–D were
performed with a DSC2920 (TA Instruments) by heating 3–4 mg of material in an aluminium
pan at 10◦C/min.
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Appendix 2.A X-ray Photoelectron Spectroscopy
X-ray Photoelectron Spectroscopy (XPS) is a technique that can be used to obtain
information about the chemical compositionof surfaces [72]. The elementspresent can
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be identified and their relative abundancies can be determined. A brief introduction
will be presented here.
In XPS a monochromatic X-ray beam irradiates a sample surface. Due to the
photoelectric eﬀect [73], electrons are emitted from the material. The kinetic energy
of these emitted electrons depends on the energy of the levels they stem from:
Ekin ≈ hν − Ebind (2.2)
The binding energies (BE) of atomic core levels are specific for a particular element.
Therefore BEs can be used to identify the elements present in a sample. The exact BE
of a core level electron is not only dependent on the particular element, but also on
the chemical environment and oxidation state of the atom. Both result in a specific
chemical shift, caused by diﬀerences in the occupancy of the valence levels.
The appearance of a peak in a spectrum is aﬀected by several phenomena. All
atomic levels apart of s-levels will show spin-orbit coupling when a shell is non-closed
(as is a final state after core-level ionisation). This results in the formation of a doublet.
The electron ejection is not a single-particle phenomenon. Next to the final state
where only the core electron is emitted with a certain kinetic energy, one can have
other final states for which one has the additional simultaneous promotion of other
electrons to excited states. In this case the emitted electron has a lower kinetic energy
and appears in the spectrum at a higher apparent BE. This so-called shake-up is the
result of either single-electron excitation (intra- or interband transitions) or collective
(plasmon) excitation.
The line width of an observed peak is determined by a superposition of intrinsic
and equipment-depending factors: (1) The Heisenberg uncertainty principle gives
rise to life-time-broadening. (2) Vibrational eﬀects result in broadening due to the
Frank-Condon principle. (3) After ejection, electrons may have inelastic interactions
with other matter on their way through a sample. (4) The experimental resolution is
limited. Hence, experimental peaks are modelled with a superposition of Lorentzian
and Gaussian curves, to account for (1) and (2–4), respectively.
Inelastic interaction with other matter results in energy loss of the emitted elec-
trons. The average energy loss will increase when electrons originate from deeper
inside the sample. This gives rise to a background that increases from high to low
kinetic energy (i.e. from low to high BE). The background can be modelled by the
Shirley method [71].
The intensity of the emitted electrons is proportional to the number of atoms of a
particular element within the sampling depth (vide infra). The surface stoichiometry
can therefore be probed by comparison of these intensities. To make the intensities
comparable, they are weighted by sensitivity factors. A sensitivity factor is an intensity
correction factor, including both element-dependent (photoionisation cross-section)
and equipment-dependent (analyser transmission function) contributions.
The (inelastic) interaction of emitted electrons with overlying material leads to
attenuation of the signal. In eﬀect, this means that there is a finite escape depth for
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electrons in a sample. Therefore XPS is a surface sensitive technique. The attenuation
has to be taken into account in the determination of the sample stoichiometry: If
the elements in a sample are inhomogeneously distributed as a function of sample
depth, an attenuation correction has to be applied before their integral intensities can
be compared. Attenuation correction will be considered in greater detail in Chapter
5.
Appendix 2.B Models for association constants from
NMR-titrations
The relation between the shift in the proton chemical shift and the association constant
for dimerisation has been shown by Connors [48]. However, the derivation does not
include the possibility that not all initially equivalent protons participate in hydrogen
bonding upon dimerisation. In the case of DTOT dimerisation, this may be necessary.
A more general relation is derived here, analogous to Connors, and under the same
assumptions.
The observed chemical shift δobs now is the weighted average over the shifts of all








Here, nHH is the number of H-bonded, nH the number of ‘free’, and ntot the total
number of protons. When there are N protons per molecule and x H-bound protons
in a dimerised molecule, the following relations apply:
ntot = NA0 nH = N[A] + 2(N − x)[AA] nHH = 2x[AA] (2.4)







fA = 1 − fAA (2.5)
After substitution of 2.4 and 2.5 in 2.3 this rearranges to:
δobs = δH +
x
N
fAA (δHH − δH) (2.6)
Finally, the expression for fAA following Connors can be substituted, yielding:
δobs = δH +
x
N




(δHH − δH) (2.7)
Therefore, the only diﬀerence with the original expression is the factor x/N. Since
(δHH − δH) represents the complexation induced shift (CIS), it can easily beunderstood
that fitting with 2.7 rather than the original expression, yields the same value for KAA,
but a diﬀerent CIS.9
9This was apparently not taken into account by Beijer et al, [49], page 22
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